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Chapter 1
Introduction and Aim of the Thesis
Chapter 1
This chapter discusses the importance of tribology, and speciﬁcally biotribology,in the human body and synovial joints. Understanding of the composition and
function of the articular cartilage, synovial ﬂuid and meniscus and their role in the
knee joint lubrication leads to a better understanding of this sophisticated, unique
tribological system. Meniscal injuries impair the well-functioning of the knee joint.





In 1966 the separate topics of friction, lubrication and wear were uniﬁed under the
title ”tribology”1 related to the Greek word ”tribo” meaning rubbing. In 1973, the
title ”biotribology” was introduced for tribological processes in the ﬁeld of biology
and medicine.1 Since then the biotribology of different human tissues and organs
has been studied, e.g., synovial joint, skin, hair, oral and ocular tribology.
Tribological (for man-made materials) and biotribological (for natural bio-
logical materials) systems differ in many aspects. The most important difference
is in the nature of the lubricant used to facilitate low friction and wear. In man-
made tribological systems, gears and bearings are mainly lubricated by oil-based
lubricants. The viscosity of oil increases under high pressure (shear thickening),
making it capable of forming a lubricating ﬁlm in between the hard surfaces artic-
ulating at high speeds.2 Biotribological systems, on the other hand, are lubricated
by water-based lubricants, where water, as a Newtonian ﬂuid, does not show the
shear thickening property. It is the presence of large molecular weight biopoly-
mers, e.g., proteins, glycoproteins andpolysaccharides, that transformswater from
a poor lubricant on its own to an outstanding lubricant in these systems. Glyco-
proteins like mucins and proteoglycan 4 (PRG4, also known as lubricin) in saliva,
tears and synovial ﬂuid play an essential role in oral, ocular and articular joint lu-
brication. Water-based lubricants are also used in the metal cutting, rolling and
mining industry (to provide cooling and avoid ﬁre and explosions) and in the food,
textile and pharmaceutical industries (to avoid ﬁnal product contamination). An-
other important difference between a tribological and a biotribological system is
the hardness of the involved surfaces and contact pressure. In biological systems
the contact generally occurs between soft–soft surfaces at low contact pressures;
surfaces with low elastic modulus, e.g., tongue, eye and cartilage deform elasti-
cally or viscoelastically under heavy loads and reduce the contact pressure due to
an increase in the contact area at the sliding interface. The exception is enamel
sliding against enamel, where the contact pressures can be as high as 86 MPa.3
In man-made tribological systems, on the other hand, the contact occurs between
hard–hard surfaces, e.g., gears and rolling element bearings, or hard–soft surfaces,
e.g., rubber seals and tire–road contact, and they operate at much higher contact
pressures compared to biotribological systems. The sliding direction and speed
are also different between tribological and biotribological systems. Reciprocating
sliding at low speeds is most common for biotribological systems with maximum
speeds of 80−100 mm/s,4 found for eyelid closure during blinking. In tribologi-




Synovial Joints in the Human Body
Synovial (diarthrodial) joints occur at the articulation of long bones. The move-
ment of these bones is coupled through constrained motion within the joint. The
terminal parts of the bones are covered with a thin layer (1−5 mm)1 of hydrated,
avascular articular cartilage and are submerged in synovial ﬂuid. The joint cavity
is sealed with the synovial membrane. Synovial joints include hip, knee, shoul-
der, elbow, ankle and ﬁnger joints. Well-functioning joints are essential for human
mobility and quality of life. A healthy synovial joint provides a unique articulation
between the contacting tissues, with ultralow values of coefﬁcient of friction (COF
~0.001−0.005) and an exceptional protection against wear under high loads.5,6
The bearing material—cartilage—is composed of chondrocytes and depending
on species and joint, it possesses speciﬁc structural details.7 In humans, the ar-
ticular cartilage consists of 70−80% water. 2% of the cartilage volume consists of
chondrocytes and the other 98% is extra-cellular matrix (ECM) produced by the
chondrocytes. The dry weight of ECM contains 50−75% collagen, 15−30% pro-
teoglycans and 10% lipids (mainly phospholipids).7–9 The collagen content of the
articular cartilage is predominantly type II collagen (~90%).8,9 Proteoglycans are
composed by a protein core with many glycosaminoglycans (GAGs) attached to
it.9 GAGs are linear polysaccharide chains, consisting of repeating disaccharides.9
The GAG content of the articular cartilage consists of chondroitin sulfate, keratan
sulfate, dermatan sulfate and hyaluronan.8,9 Chondroitin sulfate and keratan sul-
fate are the most abundant GAGs in the articular cartilage; hyaluronan (HA) is the
only non-sulfated GAG, and the only one not part of a proteoglycan.8,9 Aggre-
can, the most abundant proteoglycan in the ECM, is a large, highly glycosylated
macromolecule, consisting of a central protein core of 230 kDa substituted with
chondroitin sulfate and keratin sulfate.8,9 These GAG chains are covalently bound
to the aggrecan protein core and form a bottlebrush-like structure.9,10 Aggrecan
molecules are further noncovalently bound to a single long chain of HA, forming
large aggrecan aggregates (Mw ~50−100 MDa).9 In the ECM a gel of hydrated
proteoglycans is trapped in a dense network of thin collagen ﬁbers.9
Next to the bone there is a tidemark separating the calciﬁed and non-cal-
ciﬁed cartilage, which is followed by three distinguishable zones of the articular
cartilage towards the joint surface: deep/radial, middle/transitional and superﬁci-
al/tangential zones (Figure 1A,B).7–9 The latter zone is in contact with the synovial
ﬂuid. These zones have different chondrocyte morphology, collagen ﬁber orienta-
tion, biochemical composition andmechanical properties.7–9 In thedeep zone, the
collagen ﬁbers are anchored to the bone and aremostly oriented perpendicular to

























Figure 1. A: A low power image of a section of bovine articular cartilage tissue, stained
with thionine. B: A schematic illustration of the chondrocytes and collagen ﬁbers orienta-
tion within the articular cartilage, organized in three distinguishable zones: superﬁcial, mid-
dle and deep zones, containing 10−20%, 40−60% and 20−50% of the overall tissue depth,
respectively. C: A schematic illustration of three distinguishable zones of the superﬁcial
layer of the articular cartilage: cellular layer, acellular layer and lamina splendens; PRG4 (in
blue), aggrecan (with green protein core and purple GAGs attached to it), HA (in black) and
surface-active phospholipids (in red) are shownnext to ﬂattened chondrocytes and collagen
ﬁbers. The schematics are not to scale.
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and the chondrocyte content is the lowest of the three zones. The slightly elon-
gated chondrocytes are grouped together in columns and oriented parallel to the
collagen ﬁbers, i.e., perpendicular to the cartilage surface.7–9 In the middle zone,
the collagen ﬁbers are randomly oriented, proteoglycan content is the highest and
chondrocytes become spherical and randomly scattered.7–9 The superﬁcial zone
contains collagen ﬁbers oriented mainly parallel to the surface, has a relatively low
proteoglycan content and has chondrocytes with a ﬂattened morphology.7–9 The
superﬁcial zone of the articular cartilage has several distinguishable regions itself
(Figure 1C):7–9 its lower section contains ﬂattened chondrocytes with their long
axis parallel to the surface; just above lies a thin acellular layer consisting of col-
lagen ﬁbers and rich in hyaluronan; the topmost part is a thin layer called lamina
splendens, containing high amounts of PRG4 and phospholipids. The origin and
function of this top layer is not yet fully understood.7–9 In the superﬁcial zone of the
articular cartilage the chondrocytes synthesize a superﬁcial zone protein (SZP, also
known as PRG4) which has an important role in the lubrication and surface prop-
erties of the articular cartilage. The SZP has a large, highly glycosylated mucin-like
main core ending in globular domains—the C-terminal region is a hemopexin-like
domain whereas the N-terminal region consists of two somatomedin B domains
and a heparin binding domain.7–9
Synovial ﬂuid, a dialysate of blood plasma with water as a major component
(~85% of the total weight), lubricates the bearing surfaces. Beside blood plasma
components,11 synovial ﬂuid contains a high concentrationofHA (1−4mg/mL)12,13
—responsible for the high viscosity of the ﬂuid with a relative viscosity >30014—,
PRG4 (0.052−0.350 mg/mL)15,16 and surface-active phospholipids (SAPL, 0.1−0.2
mg/mL).17–19 A healthy human knee joint contains approximately 2 mL of synovial
ﬂuid.20
The meniscus is a unique element of the knee joint and is essential for its
proper functioning. Medial and lateral menisci are crescent-wedge-shaped, ﬁbro-
cartilaginous tissues, located in between the weight-bearing surfaces of tibia and
femur (Figure 2).21 Water is their major component (63−75% of the total weight).
75% of the dry weight of meniscus consists of collagen (mostly type I collagen)
(Figure 3) and 2.5% consists of proteoglycan (mainly aggrecan).22 In humans, the
medial meniscus is 40.5−45.5 mm long and 27 mm wide, and the lateral menis-
cus is 32.4−35.7 mm long and 26.6−29.3 mm wide.21 The mobility of the me-
dial and lateral menisci is limited by ligaments. Menisco-tibial ligaments connect
both menisci to the tibia plateau. Menisco-femoral ligaments (the Wrisberg and
Humphry ligaments) connect the lateral meniscus to the femur.23 The total inci-
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Figure 2. A summary of the TRAMMPOLIN project showing the anatomy of the knee joint,
menisci and meniscal tear, and TRAMMPOLIN meniscus implant.
400 μm 400 μm
Figure 3. Low power images of sections of bovine meniscus tissue. Collagen ﬁbers have




incidence of both menisco-femoral ligaments existing in one knee is 32%.23 In in-
fants the meniscus is fully vascularized.21 Vascularization decreases with aging21
and in adults only the peripheral one-third of the meniscus is vascular (called red
zone), the rest being avascular.24
The water-based tribological system of the joint provides a unique lubrica-
tion which is still very difﬁcult to achieve in any artiﬁcial aqueous or non-aqueous
system.25 The constituents of synovial ﬂuid are absorbed into/onto the articular
cartilage and meniscus tissue, and lubricate the joint’s movements. HA, PRG4 and
SAPL are the main components believed to be responsible in the joint lubrica-
tion.12,26,27 In addition, the synovial ﬂuid constituents exchange oxygen and nu-
trients with carbon dioxide and other cellular waste products.12,26,27
Lubrication Mechanisms in Synovial Joints
Theories of the lubrication mechanism in the synovial joints have been discussed
and developed since the 1930s. In 1932 MacConaill proposed hydrodynamic lu-
brication as a theory of joint lubrication.28 In 1936 Jones also proposed the equiva-
lent ﬂuid ﬁlm lubricationmechanism as a common formof the lubrication in human
joints.29 These models propose that the sliding surfaces are kept apart by a ﬂuid
layer of lubricant. The geometry of the surfaces and the physical properties of the
lubricant, most importantly its viscosity, deﬁne the thickness of the lubricating ﬁlm
and are essential parameters in the hydrodynamic lubricationmechanism. Yet, the
suggestion that synovial ﬂuid, as a lubricant, can make a ﬂuid ﬁlm in between the
articulating surfaces, keep them apart and provide hydrodynamic lubrication has
been under debate since the proposition of the hydrodynamic lubrication theory.
In addition, the complex reciprocating movement of the knee joint in different di-
rections, comparatively low speeds, high loads and the relatively rough surface of
articular cartilage do not support the hydrodynamic lubrication theory.1,30
In 1960, Charnley questioned the hydrodynamic lubrication theory as the
acting mechanism in the joints and instead proposed the boundary lubrication
mechanism, which is based on opposite concepts:5 Charnley suggested that the
lubricant has an afﬁnity for the surface it is lubricating, thus it formsmono-molecular
ﬁlms and chemically bound to the surface. While moving, the sliding then takes
place not between the surfaces themselves but between these adsorbed lubri-
cant ﬁlms.1 Contrary to hydrodynamic lubrication, in boundary lubrication it is the
molecular structure, chemical properties and mutual interactions of the lubricant
molecules and surfaces that play the main role in lubrication.1,31
8
Introduction
Throughout the 1960s, thedebatebetween supporters of the hydrodynamic
lubrication theory and those in favor of boundary lubrication continued. Attempts
to identify theboundary lubricant components of the synovial ﬂuidwere conducted
through biochemical and biotribological studies. At the same time, attempts to
conﬁrming the hydrodynamic lubrication mechanism were based on rheological
studies.1
In 1963 Dintenfass claimed that neither the theory of hydrodynamic lubrica-
tion nor the theory of boundary lubrication completely explained the lubrication
mechanisms in a synovial joint, and formulated the elastohydrodynamic theory.32
This model is a mode of hydrodynamic lubrication, but it happens at higher loads
and considers the effect of surface elastic deformation.33 In 1966 Dowson pre-
sented support for this theory of joint lubrication.30
In 1962 McCutchen proposed the weeping lubrication mechanism, a com-
pletely new model for joint lubrication taking into consideration the porous and
hygroscopic nature of cartilage.34 This mechanism has since been called different
names such as self-pressurized hydrostatic lubrication,34 biphasic lubrication,35,36
or interstitial ﬂuid pressurization.37 In this lubrication mechanism of the joints the
articular cartilage and meniscus secrete, upon loading, lubricating ﬂuid into the
loaded interface creating a ﬂuid ﬁlm that provides lubrication. This is a conse-
quence of the unique ﬂexible and permeable structure of cartilage and meniscus.
In the following years, alongside the development of the boundary38–41 and
hydrodynamic30,42 lubrication theories, a wide range of lubrication mechanisms
were proposed such as gels,43 boosted,44 squeeze-ﬁlm,45,46 micro-elastohydrody-
namic47 and mixed-regime lubrication.30,48
A greater knowledge of the properties and composition of the articular car-
tilage and synovial ﬂuid has led to a better understanding of the lubrication mech-
anism of synovial joints. Current views are that, depending on the dynamic condi-
tions in the joint (sliding/shearing velocity and contact pressure), interstitial ﬂuid
pressurization and weeping (IFPW) and boundary lubrication mechanisms, or a
mixture thereof, are responsible for the joint lubrication. In different studies PRG4,
HAand SAPL havebeenproposed to play important roles in this lubricationmecha-
nism of synovial joints.12,26,27,49 HA and PRG4 are of particular relevance; the one
by increasing synovial ﬂuid viscosity, the other by adsorbing onto surfaces and
providing boundary lubrication.50 Some studies further suggest that PRG4–HA in-
teractions are important for the boundary lubrication function of PRG4,12,26,51 but
it is still unclear how PRG4 is maintained on the surface of the cartilage in a conﬁg-
uration that provides ultralow friction.
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Role of Meniscus in the Health of the Knee Joint
Menisci are responsible for load distribution, load bearing, proprioception and lu-
brication of the knee joint. Furthermore, they act as secondary stabilizers in the
knee joint and support the exchange of nutrients and waste products through
the articular cartilage matrix.52 Although under debate, they are also believed to
function as shock absorbers due to their viscoelastic structure.53 Meniscal injuries
include 14.5% of all the knee injuries.54 A meniscal injury can easily happen in
the form of a tear, especially in young individuals, and is often the result of sport-
related activities. In these cases, the external rotation of the tibia on the ﬂexed fe-
mur causes a posterior displacement of themedialmeniscus resulting in a tear.52,55
Most tears originate in the avascular part of the meniscus, which has a very limited
ability to regenerate.24,56 Besides these acute tears, the natural aging process is
responsible for the degeneration of the tissue, which may result in degenerative
tears.21 Both types of injury lead to changes in the cartilage load distribution and
result in premature osteoarthritis.57,58
Current Methods to Treat the Injured Meniscus
Different techniques have been developed for the treatment of injured menisci
(Figure 2), to avoid development of premature osteoarthritis and the subsequent
total knee arthroplasty. All these techniques have their own drawbacks. Repair-
ing meniscal tears with sutures, staples and anchors preserves the native menis-
cus but has shown to be unsuccessful for tears in the avascular sides. The proce-
dure is only suitable for repairing tears in the vascular regions of the meniscus. A
technique that has been broadly used is total or partial meniscectomy. Many clini-
cal studies have shown that meniscectomy interferes with the stress distribution in
the knee joint and signiﬁcantly increases the risk of osteoarthritis.21,58,59 Instead,
some surgeons have chosen to replace the injured meniscus to protect the artic-
ular cartilage from further damage.60 Transplantation of a meniscal allograft is an
option that has shown a satisfactory survival rate. It lessens pain and improves the
function of the joint,61,62 but it has drawbacks such as limited availability, size mis-
matching, high costs, post-implantation graft shrinkage and risk of transmission
of disease.63,64 Thus far allografts have not been used as a primary treatment for
meniscal injury, but rather for relieving symptoms of knee joint degeneration as
consequence of meniscal injury.
Given this background, meniscus prostheses are considered to have clini-
cal potential and certainly deserve serious attention. Several groups have been
working on an anatomically shaped implant with right characteristics made out of
10
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various materials. A currently explored alternative is to replace the damaged me-
niscus tissue with biodegradable scaffolds made of synthetic or natural polymers
to regenerate the meniscal tissue.65–71 These implants also have disadvantages
such as lack of durability under high loads or lack of mechanical strength.65,66,68–71
Another alternative is the replacement of the native meniscus by a permanent syn-
thetic implant.60,72–75 The challenge is to ﬁnd a biomaterial with right biomechani-
cal and biotribological properties, and that ensures the integrity of implant and car-
tilage. Furthermore, the design of the implant should match the native meniscus.
Recently, a freely ﬂoatingmedial meniscus implantmade out of polycarbonate ure-
thane—reinforced circumferentially with ultrahigh molecular weight polyethylene
ﬁbers (NUsurface® by Active Implants)—has been developed.54,76 The results af-
ter six months in a sheepmodel were promising.60 For human use, the design was
changed to a freely ﬂoating, disk-shaped implant, for which the presence of pe-
ripheral rim of the native meniscus is a requirement. This requirement precludes
the use on patients with total meniscectomy.77 Preliminary clinical results in 61 pa-
tients after one year have shown considerable pain relief, although there aremajor
complications due to the implant dislocation, fracturing or tearing and inﬂamma-
tion or progression of osteoarthritis.78,79
A material must fulﬁll a number of requirements to be considered as a bio-
material formeniscus implant or scaffold. Thematerialmust havemechanical prop-
erties similar to the healthy meniscus, i.e., a compressive modulus of 75 to 150 kPa
and a tensile modulus of 75 to 150 MPa at 33 °C. The implant design must provide
a proper transferring of the applied loads through the knee joint and avoid peak
stresses in the articular cartilage. The tribological properties should be close to
the properties of the healthy meniscus, i.e., coefﬁcient of friction of 0.05 or less.
The size of the implant should match the size of the counterpart and anatomic limi-
tations of the host. This makes a custom-made implant preferable; otherwise, one
should select from pre-sized implants. The material of interest and its degradation
products have to be biocompatible. If the material serves as a scaffold aimed at
growth of a new, natural meniscus, it should allow cell adhesion and function as a
skeleton to promote tissue ingrowth. The scaffold degradation time must be long
enough to allow enough tissue ingrowth, formation and organization. Implanta-
tion should preferably be performed using a minimal invasive surgical procedure,
such as arthroscopy, because an arthrotomy may damage the articular cartilage.80
We chose to use polycarbonate urethane in the TRAMMPOLIN project since it ful-
ﬁlls most of the above-mentioned conditions and has already been tested and
used as a disk-shaped implant by Active Implants.
The natural meniscus is porous; it absorbs the molecules of synovial ﬂuid
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into/onto its surface and provides the lubricating properties through the IFPW and
boundary lubrication mechanisms. The artiﬁcial meniscus implant studied in this
thesis is made of non-porous biomaterials (different modiﬁcations of polycarbon-
ate urethane), and will not be able to provide lubrication through IFPW from its
side. In order for the implant to become lubricated it needs to adsorb lubricant
molecules from the synovial ﬂuid, e.g., PRG4 or SAPL, on its surface. The proper-
ties of the adsorbed layer of molecules, such as its thickness, molecular composi-
tion and stability in the presence of synovial ﬂuid components, will depend on the
chemical and physical properties of the surfaces of the materials and are subject
of the studies presented in this thesis.
The changes that a meniscus implant will bring in the tribology of the knee
joint need to be well understood. This, in turn, requires a good understanding of
the tribology of the intact knee, i.e., friction and wear at the cartilage–meniscus
interface. Thus far there are no tribological studies on either subject. This thesis
pioneers the direct in vitro characterization of the tribological properties of carti-
lage–meniscus system. The studies described in this thesis are part of the TRAMM-
POLIN project of the Dutch BioMedical Materials program. TRAMMPOLIN aimed
to develop a permanent meniscus prosthesis anatomically shaped like a natural
meniscus (Figure 2).
Structure of the Thesis
The technique of quartz crystal microbalance with dissipation (QCM-D) was used
to study adsorption of relevant molecules to different polycarbonate urethane sur-
faces at themolecular level. QCM-D is an instrument that employs acoustic sensing
technique to measure adsorption kinetics of the studied molecules, and to quan-
tify and structurally characterize the adsorbed layer at solid–liquid interfaces. This
technique operates in a nondestructive and noninvasive manner by monitoring in
real time the changes in frequency and dissipation energy of a resonating piezo-
electric gold-coated quartz crystal, itself coated with the substrate under study. In
Chapter 2, QCM-D and atomic force microscope (AFM) with colloidal probe were
used to gain more insight into the function of molecules of the synovial ﬂuid and
articular cartilage in joint lubrication. In particular, the roles of surface-bound hy-
aluronan and type II collagen in adsorbing PRG4, dependent on the presence or
absence of albumin, were investigated in an in vitromodel. The QCM-D and AFM
techniques were used to describe the interactions between these molecules, as
well as their effects on the coefﬁcient of friction (COF).
InChapter 3, a study is described using the same techniques as inChapter 2
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to compare the effects of different adsorbed proteins on polycarbonate urethane
substrates, with modiﬁed surfaces, differing in wettability.
Besides the above-mentioned nano-scale biotribological characterizations,
the macro-scale biotribological behavior of the biomaterials was also analyzed.
This is presented inChapter 4, using simulatedphysiological conditions in thepres-
ence of synovial ﬂuid components. A Bruker UMT-3 tribometer (universal mechan-
ical tester) was used to ﬁrst establish a cartilage–meniscus reciprocating, sliding
model. Thismodel was then used tomeasure the COFs between articular cartilage
and the studied biomaterials. The COF values were compared to those obtained
fromarticulating naturalmeniscus against cartilage. Wear of cartilage due to articu-
lation against the biomaterial was further evaluated using histological techniques.
Aim of the Thesis
The ﬁrst aim of this thesis was to clarify the open discussion on synovial joint lu-
brication and the importance of the molecules that keep PRG4 on the surface in a
conﬁguration that provides optimal boundary lubrication.
The second aim was to understand the adsorption of synovial ﬂuid compo-
nents on the biomaterials and relate it to the nano- and macro-tribology of these
materials by comparing them to the tribology of an intact knee joint via a cartilage–
meniscus sliding model. The biomaterials used were polycarbonate urethane ma-
terials without surface modiﬁcations (Bionate 80A, PCU) or with surface-tethered
C18 chains (Bionate II 80A, mPCU-c), with mono-functional polydimethylsiloxane
(PDMS) groups (Bionate 80A S, mPCU-s) or with mono-functional polytetraﬂuo-
roethylene (PTFE) groups (Bionate 80A 2F, mPCU-f) as surface modiﬁcations.
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